The nonfermentative Alteromonas putrefaciens NCMB 1735 grew anaerobically in defined media with trimethylamine oxide as external electron acceptor. All amino acids tested, except taurine and those with a cyclic or aromatic side chain, were utilized during trimethylamine oxide-dependent anaerobic growth. Lactate, serine, and cysteine (which are easily converted to pyruvate) and glutamate and aspartate (which are easily converted to tricarboxylic acid cycle intermediates) were metabolized at the fastest rate. Growth with lactate as growth-limiting substrate gave rise to the formation of 40'mol% acetate, whereas serine and cysteine were nearly completely oxidized to CO2. Molar growth yields with the latter substrates were the same and were 50% higher than with lactate. This showed that more ATP was formed when acetyl coenzyme A entered the, tricarboxylic acid cycle than when it was converted via acetyl phosphate to acetate. Also, growth with formate as substrate indicated that the reduction of trimethylamine oxide to trimethylamine was coupled with energy conservation by a respiratory mechanism.
The pseudomonad-like Alteromonas putrefaciens is among the bacteria held mainly responsible for spoilage of protein-rich food, particularly marine fish. They proliferate readily under chilled conditions, and by the time the food is unacceptable for human consumption they often account for more than 30% of the total bacterial population. One additional reason for their ability to spoil food seems to be their capacity to produce off-flavoring volatile compounds such as NH3, trimethylamine (TMA) , and sulfides (18, 25) . Strains of A. putrefaciens can be distinguished from strains of Pseudomonas putrefaciens by their lower guanine-plus-cytosine (G + C) content, which has a mean value of about 49 and 58 mol%, respectively (21) .
Trimethylamine oxide (TMAO) is a major low-molecularweight constituent of marine fish (1, 10) , and TMA formed by bacterial reduction of TMAO causes the characteristic fishy smell of stale fish (3) . The ability to reduce TMAO is used as a taxonomic criterion for the nonfermentative A. putrefaciens (19) , and TMAO is found to promote microaerophilic or anaerobic growth in other Alteromonas species (7) . Biochemical data show that reduction of TMAO in fermentative bacteria of the enteric group, i.e., Escherichia coli (32) and Proteus sp. NTHC 153 (28) is coupled with energy conservation by a chemiosmotic type of mechanism. In photosynthetic bacteria of the family Rhodospirillaceae, TMAO reduction has been attributed both to a soluble NADH-dependent system (6) and to a respiratory system (24) .
TMAO respiration is possibly of importance to bacterial growth during spoilage of marine fish, but few details are known about substrate preferences, catabolic processes, and energy conservation during TMAO-dependent anaerobic growth of the fish spoilage bacterium A. putrefaciens. We report that anaerobic growth with amino acids, lactate, and TMAO leads to a massive accumulation of volatile offflavoring products in the culture media and that TMAO reduction is linked with energy conservation (27 30 ,umol) in culture media was removed by bubbling with N2 after adjusting pH to 6.5 with 10 mM potassium phosphate, absorbed in 10 ml of 1.0 M NaOH-acetone (1:1; vol/vol) and 0.1 ml of 0.1% of the color indicator diphenylthiocarbazone in acetone, and continually titrated with 0.31 mM mercury acetate essentially as described previously (2 supplemented with glucose or ribose. The latter findings confirm that the organism has no fermentative energy metabolism (19) . In a defined growth medium containing excess amounts of TMAO and ca. 3 mM of each common L-amino acid, except glutamine and asparagine (i.e., medium A, without lactate; Table 1), the organism converted 85 to 100% of the amount of serine, cysteine, aspartate, glutamate, and threonine, and 60%o of isoleucine and leucine. If converted, the degradation of other amino acids represented 30% or less of the amount at the start. Kinetic studies revealed that there was no sequential degradation of the amino acids. They were utilized simultaneously but at different speeds.
When the five preferred amino acids (i.e., 85 to 100% converted) were omitted from the defined medium, the organism grew at a slower rate. In this second-choice medium (i.e., medium B, without lactate; Table 1 ), glycine was completely converted, and kinetic data revealed that the termination of bacterial growth coincided with the disappearance of glycine. About 40 to 50% of alanine, isoleucine, leucine, and valine and 25 to 30% of lysine, methionine, and arginine were converted in the growth period. It (Fig. 1) . The molar growth yield with serine and cysteine was the same (17.5 pLg of cells [dry weight] per ,umol) and was 50% higher than that with lactate (11.5 ,ug/,umol). Molar growth yield with formate was 5.0 ,ug/ ,lmol (Table 2 ).
In the present experiments, the growth-limiting substrates were completely converted during growth, whereas TMAO, glutamate, and aspartate occurred in excess. With all substrates, the organism continued to grow during several serial transfers, which showed that no other growth factors were needed. When arginine was omitted, the organism ceased to grow after a while, apparently when arginine supplied with the inoculum was depleted. Even though arginine completely disappeared from the culture medium, addition of more arginine than the 0.6 mM routinely used did not increase the growth yield. All media used in the present study contained 0.09 M NaCl. We noted that the requirement for NaCl varied with the growth-limiting substrate (27) .
The kinetics of bacterial growth and biochemical conversions in medium with serine (19 mM) as growth-limiting substrate are shown in Fig. 2 . Note that all the parameters measured came to a standstill when serine was exhausted.
By using [U-_4C]serine we found that more than 90% of the carbon of this substrate was recovered as 14CO2 in a fully grown culture. The increase of NH3 in the medium corresponded to the N content of serine converted. No acetate or other organic acids were formed, but small amounts of alanine accumulated in the medium ( Fig. 2B ; Table 2 ). When cysteine (10 mM) was the growth-limiting substrate, the substrate conversions and product formations appeared to be similar to those found with serine, except that a stoichiometric amount of H2S was formed. A total of 90% of the carbon in the labeled cysteine was recovered as 14CO2 (Table 2) .
With lactate (23 mM) as substrate, the kinetic data for A.
putrefaciens were more complex (Fig. 3) Table 2 ). Also with formate as substrate, the TMAO consumption was close to the expected value, i.e., 1.2 ,umol of TMAO reduced per ixmol of formate consumed. Conversion of glutamate, aspartate (cf. Fig. 2B and 3B), and arginine was not taken into account.
DISCUSSION
For anaerobic growth with TMAO as external electron acceptor, A. putrefaciens prefers substrates which are easily converted to pyruvate (i.e., serine, cysteine, and lactate) or to TCA cycle intermediates (i.e., glutamate and aspartate). The dissimilatory pathways which can be deduced from the present data are summarized in Fig. 4 , and the following details should be noted. Conversion of pvruvate to acetyl coenzyme A (CoA) may involve formation of formate by a lyase reaction, since cytoplasmic membrane vesicles prepared from cells grown anaerobically with lactate as the main substrate reduce TMAO with formate as electron donor (27) . The reason why lactate gave rise to 40 mol% acetate, whereas serine and cysteine were nearly completely oxidized to C02, seems to be that lactate conversion to acetyl-CoA is faster than the further oxidation of acetyl-CoA in the TCA cycle. Accumulation of alanine in culture media indicates that glutamate and aspartate can be converted to TCA cycle intermediates by transamination with metabolically produced pyruvate. The main function of the latter amino acids seems to be as N source and to replenish the organism with TCA cycle intermediates.
Determination of molar growth yield and YATP (micrograms of cells [dry weight] per micromole of ATP) values is used to investigate anaerobic ATP synthesis in fermentative bacteria. The efficiency of energy conservation in TMAO reduction of A. putrefaciens cannot be estimated from the present growth data, since YATP cannot be measured for nonfermentative bacteria, and because this value varies with species and growth rate (29) . But the present findings that the anaerobic molar growth yield with serine and cysteine was about 50% higher than that with lactate show that more ATP is produced when acetyl-CoA enters the TCA cycle than when acetyl-CoA is converted to acetate via acetyl phosphate. The extra ATP synthesis is probably linked to reduction of TMAO with NADH. Evidence for electron transfer-dependent phosphorylation in cells is also given by the finding that A. putrefaciens grew anaerobically with formate and TMAO as energy source. Formate cannot give rise to ATP synthesis by any known mechanism of substratelevel phosphorylation, but it is known to be an effective electron donor in nitrate respiration of enteric bacteria (17) . VOL. 47, 1984 on August 14, 2017 by guest http://aem.asm.org/
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The occurrence of anaerobic growth with formate and TMAO in E. coli (13, 32) and Proteus sp. (28, 31) is shown to correlate with the occurrence of a chemiosmotic mechanism of energy conservation coupled with TMAO reduction. Similar data for A. putrefaciens are shown in a following paper (27) .
When the present data are compared with those previously reported for anaerobic respiration in heterotrophic bacteria, the following pattern for the catabolic processes becomes apparent. Bacteria without a fermentative metabolism such as the present A. putrefaciens, and Pseudomonas stutzeri (26) , Pseudomonas denitrificpns (15, 16) , and Paracoccus (Micrococcus) denitrificans (9) aerogenes (8, 11) , and Klebsiella pneumoniae (14) , have catabolic processes mainly based on the fermentative pathways during anaerobic respiration. The TCA cycle is usually not operative, and the external electron acceptor is reduced by NADH generated in the glycolytic pathway and by metabolically produced formate. Consequently, acetate is a main product. These patterns are clearly not influenced by the nature of the anaerobic electron acceptor utilized (TMAO, nitrate, nitrite, etc., depending on species) but may be slightly modified by the substrate. For the present organism, lactate was the only substrate which gave rise to acetate formation. Lactate is also the only substrate found to be partially oxidized to CO2 in the TCA cycle during anaerobic respiration of E. coli (33) .
A. putrefaciens is an important spoilage bacterium, and the present strain was originally isolated from stale haddock. Spoilage of chilled marine fish is often considered as a surface process (25) . That is, nonfermentative bacteria growing on the exposed areas of the fish get energy for growth by oxidation of easily diffusible extractives. By the time a significant number of bacteria penetrate into the muscle, the fish is largely unacceptable for human consumption due to formation of off-flavoring substances by the surface flora (25) . One can envisage that when the bacterial flora increase, oxygen availability may become a limiting factor for bacterial growth. Under such conditions, those bacteria which can swvitch to using the readily available TMAO as electron acceptor must have a great ecological advantage over bacteria lacking this ability (31) . Therefore, the present documentation of TMAO respiration in A. putrefaciens may help to explain its rapid growth on spoiling marine fish. Also of importance for the understanding of the spoilage processes are the observations that the organism grew profusely with lactate and simple amino acids which are common extractives of fish and that the anaerobic growth was accompanied by a massive accumulation of the volatile bases TMA and NH3. Of particular interest are our findings that cysteine was among the preferred substrates for anaerobic growth of A. 
